Chagas' disease is one of several diseases, along with leishmaniasis and African sleeping sickness, caused by parasites of the family Trypanosomatidae. Endemic to Central America and South America, the parasite that causes Chagas' disease, Trypanosoma cruzi, is the world's leading cause of myocarditis (28) . The World Health Organization estimates that 16 to 18 million people are infected with T. cruzi, with about 100 million people at risk in 21 countries (41, 42) . In spite of recent advances in the control of the vectorial and transfusional transmission of T. cruzi (66) , Chagas' disease remains a serious infectious disease in Latin America due to its prevalence, morbidity, and mortality (49) . Despite its obvious clinical importance and the efforts of many investigators, the pathogenesis of Chagas' heart disease (CHD) is still incompletely understood.
A variety of explanations have been proposed for the damage observed in CHD. Potential mechanisms include (i) toxin secretion by the parasite (4), (ii) damage to cardiac microvasculature (53) , (iii) destruction of heart neuronal tissue (13) , (iv) parasite-specific immune responses to T. cruzi antigens persistent in the heart tissue (8, 19, 38, 55, 60, 61, 69, 72) , (v) antibody-mediated cytotoxicity and nonspecific neutrophiland eosinophil-induced damage (26, 27) , and (vi) autoimmunity (18, (30) (31) (32) (33) (34) . Although autoimmunity is defined simply as an immune reaction against an organism's own proteins, the progression from benign to pathogenic autoimmunity, resulting in disease, is a distinction often overlooked. It is this distinction which has spurred controversy among investigators (5, 9, 17, 18, 21, 24, 26, 31-33, 59, 63) about the significance of autoimmunity in disease pathogenesis. This mechanism suggests that T. cruzi-induced cardiac damage and/or molecular mimicry between parasite and host leads to a breakdown in self-tolerance, resulting in eventual autoimmune tissue damage. Our overall hypothesis is that the combination of viable parasite-induced myocardial damage, parasite antigen-specific immunity, and autoimmunity contributes to the inflammation and heart failure of CHD.
Although T. cruzi-induced autoimmunity has been a matter of considerable investigation (10, 22, 23, 25, 31, 34, 36, 37, 51, 57, 58, 65, 67, 68) , its role in disease pathogenesis and the mechanism(s) by which it develops remain unclear. Here, we address the role of viable parasites in the induction and persistence of autoimmunity in A/J mice by the administration of benznidazole, a nitroheterocyclic drug employed in the chemotherapy of human Chagas' disease (50) . Although the mechanism of drug action is not entirely understood, it is thought that when T. cruzi metabolizes benznidazole, its lack of catalase and peroxidase enzymes hinders its ability to dispose of newly generated free radicals (15) . The presence of a full repertoire of antioxidant enzymes provides mammals the ability to cope with the drug more effectively, though not without detrimental side effects, including abdominal pain, diarrhea, nausea, and vomiting. Benznidazole exerts a number of effects on the host immune response to T. cruzi infection, including the enhancement of macrophage-associated phagocytosis and proinflammatory cytokine production (45), the selective expan-sion of effector and memory CD8 ϩ T lymphocytes (47) , and the decrease of both P-selectin and vascular cell adhesion molecule 1 levels (29) . In addition, host immune factors, including interleukin 12 (39) and gamma interferon (52) , are important for maximum efficacy of benznidazole therapy during infection. The proven trypanocidal activity of benznidazole, along with its ease of administration in drinking water, enabled us to efficiently reduce the number of parasites at various times during infection.
Benznidazole treatment administered within the first week of infection reduced the magnitude of myosin-specific cellular and humoral immunity compared to untreated controls at 21 days postinfection (d.p.i.) with T. cruzi. Since mice succumbed to disease at 30 d.p.i. in our experimental CHD model, we were unable to include infected untreated controls for long-term experiments. However, by comparing immune responses to baseline uninfected treated animals, we could make conclusions pertaining to the change in myosin-specific autoreactivity at later time points. Using this basis of comparison, we observed that the initiation of treatment within the first or second week of infection eliminated myosin-specific cellular autoimmunity at 60 or 90 d.p.i., respectively. All stages of disease displayed an overall decrease in inflammation and a complete absence of parasites in the heart tissue. Finally, after drug treatment was terminated, reinfection with T. cruzi or immunization with cardiac myosin led to the restoration of strong myosin-specific immunity and inflammation in mice, indicating that cardiac autoimmunity can be regulated indirectly by modulating the levels of the parasite.
MATERIALS AND METHODS
Experimental animals and T. cruzi infections. Four-to 6-week-old male A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed under specificpathogen-free conditions. Mice were infected by intraperitoneal injection of 1 ϫ 10 4 T. cruzi Brazil strain trypomastigotes derived from infection of tissue culture H9C2 rat myoblasts (American Type Culture Collection, Manassas, VA). A cardiotropic substrain of the Brazil strain of T. cruzi was isolated from the heart of an infected mouse and propagated in H9C2 rat myoblasts to generate trypomastigotes for use in reinfection experiments. This strain has since been maintained and termed the "Brazil heart" strain. Parasitemias from tail bleeds were measured by hemacytometry. Uninfected controls received intraperitoneal injections of Dulbecco's phosphate-buffered saline (GibcoBRL, Grand Island, NY) of equal volume. Mice were anesthetized by a single intraperitoneal injection of sodium pentobarbital (60 mg/kg of body weight) for each experimental manipulation. The use and care of mice were conducted in accordance with the guidelines of the Center for Comparative Medicine at Northwestern University.
Preparation of myosin and T. cruzi antigen. Cardiac myosin heavy chains and T. cruzi antigen were prepared as described previously (34) . Briefly, hearts were rinsed in ice-cold saline, minced, homogenized, and stirred for 90 min at 4°C. Muscle residue was removed by centrifugation for 10 min at 12,000 ϫ g. The supernatant was then centrifuged at 140,000 ϫ g for 4 h. This supernatant was added to cold water, and the precipitate was allowed to settle overnight. The cloudy precipitate was centrifuged for 15 min at 12,000 ϫ g, after which the myosin pellet was homogenized and redissolved. Actin contamination was removed by centrifugation for 30 min at 43,000 ϫ g, and myosin was reprecipitated overnight in cold water. This procedure was repeated to remove actomyosin, and myosin was finally redissolved in a glycerol buffer. The final myosin concentration was determined by Bradford assay and sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis. Induction of autoimmune myocarditis. Mice were immunized with purified cardiac myosin (300 g) in an emulsion of complete Freund's adjuvant (CFA; Difco, Detroit, MI) in a total volume of 0.1 ml. Three subcutaneous sites in the dorsal flank were injected with equal amounts. Seven days later, mice were boosted in an identical manner.
Drug treatment. Benznidazole (Roche Chemical and Pharmaceutical Products, Sao Paulo, Brazil) was administered in the drinking water of T. cruziinfected, myosin-immunized, or saline-injected mice at a concentration of 100 mg/kg/day as described previously (14, 47) . Treatment was initiated and terminated at various time points postinfection.
Histopathology. Hearts were removed, rinsed with saline, and fixed for 24 h in 10% buffered formalin. Fixed hearts were embedded in paraffin, sectioned, stained with hematoxylin and eosin, and examined by light microscopy. Two sections were taken from each heart, one including both atria and the other both ventricles. Each section was examined for evidence of mononuclear and polymorphonuclear cell infiltration, necrosis and mineralization, T. cruzi pseudocysts (parasitosis), and fibrosis and was assigned a histologic score of 0 (no involvement noted) to 4 (100% involvement), with 1, 2, and 3 representing 25, 50, and 75% involvement of the histologic section, respectively (35) .
Serologic analysis. Levels of cardiac myosin-specific and T. cruzi-specific immunoglobulin G (IgG) were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (34) . Endpoint dilution titers for total IgG were defined as the highest serum dilution that resulted in an absorbance value (optical density at 450 nm) of 2 standard deviations above the mean for a negative control sample (pooled sera from uninfected mice) included on every plate.
DTH. Myosin-specific and T. cruzi-specific delayed-type hypersensitivity (DTH) was quantified using a standard ear swelling assay (34) . Antigen-induced ear swelling was the result of mononuclear cell infiltration and exhibited typical DTH kinetics (i.e., minimal swelling at 4 h and maximal swelling at 24 to 48 h postinjection).
Statistical analyses. DTH values were log 10 transformed prior to statistical analyses if they were not normally distributed. For comparison of two groups, the significance of DTH values was analyzed by Student's t test. For comparison of multiple groups and a control, the significance of DTH values was analyzed by a one-way analysis of variance, followed by adjustment for multiple comparisons by the Dunnett test (post hoc analysis). The control group for comparison is specified in each figure legend. Antibody values were not normally distributed and so were analyzed for significance by the Mann-Whitney U test. P values of Ͻ0.05 were considered significant unless otherwise specified.
RESULTS
Early parasiticidal drug treatment reduces cardiac myosinspecific autoimmunity and cardiac inflammation and reduces tissue parasitosis in acute T. cruzi infection. Autoimmunity is only one mechanism of Chagas' disease pathogenesis which may develop as a result of antigenic molecular mimicry or bystander activation after parasite-induced tissue destruction. In either case, levels of the parasite might correlate with the presence of autoimmunity. The goal of the present study was to explore this relationship. To test the association of autoimmunity and levels of T. cruzi, we employed our experimental model of CHD in which A/J mice are infected with the Brazil strain of T. cruzi, leading to the development of cardiac inflammation, fibrosis, necrosis, and parasitosis accompanied by vigorous cardiac myosin-specific DTH and antibody production at 21 d.p.i. and mortality within 30 d.p.i (34) . We administered the trypanocidal drug benznidazole (100 mg/kg/day) to infected mice at different times postinfection to ascertain the association between levels of parasite, myocarditis, and autoimmunity. All of the experiments included in this paper are diagrammed in Fig. 1 . Groups of infected/untreated and salineinjected/benznidazole-treated mice were included as controls. The results that follow are representative of three separate experiments.
The treatment initiated during the first week of infection (i.e., at 0, 2, or 7 d.p.i.) significantly reduced myosin-specific DTH and antibody titers ( Fig. 2A and B) . In general, levels of myosin-specific DTH were lower when benznidazole administration was begun earlier. Histopathologic examination of heart sections from these animals revealed a reduction of inflammation and an absence of parasitosis compared to that of heart sections from untreated control animals (Fig. 2C) . The cardiac inflammation in all benznidazole-treated animals, however, was consistent despite clear differences in cardiac autoimmunity. As expected, the number of parasites found in the blood was also significantly lower in animals in which treatment was begun within the first week of infection (data not shown). Interestingly, benznidazole treatment caused a signif- icant reduction in parasite-specific antibody production yet had no significant impact on T. cruzi-specific cellular immunity ( Fig. 2A and B) . Drug treatment administered during the chronic phase of T. cruzi infection (60 or 90 d.p.i.) results in the elimination of myosin-specific cellular autoimmunity. For the purpose of this study, we use the term "acute" to refer to disease present at 21 d.p.i. in A/J mice with the Brazil strain of T. cruzi and "chronic" to refer to disease present after animals reach 60 d.p.i. For such long-term experiments, infected, untreated controls cannot be used, since A/J mice do not survive past 30 d.p.i. with the Brazil strain of T. cruzi. To control for the effects of benznidazole on myosin-specific DTH and antibody production, myosin-immunized mice treated with benznidazole were examined to determine the possible effects of the drug on myosin autoimmunity (Fig. 3 and 4) . There was no effect, indicating that any effect of the drug on autoimmunity in infected mice would be related to its antiparasitic activity and not to an immunomodulatory action.
Drug treatment in infected mice was initiated at the time points indicated (Fig. 1) for all infected animals and maintained until 60 or 90 d.p.i., at which time DTH and antibody levels were ascertained and cardiac histopathology was assessed. Since we were unable to maintain viable infected, untreated control animals at 60 and 90 d.p.i., we established a baseline (negative control) by using uninfected, healthy animals expected to yield negligible, if not a complete absence of, autoreactivity. If our experimental group produced autoimmunity not significantly different (using appropriate statistical parameters) from that of negative controls, we referred to the autoimmunity associated with this particular group as "eliminated." We observed that the myosin-specific DTH in infected mice at 60 d.p.i. was similar to that observed at 21 d.p.i. (Fig.  1 and 3) . In both cases, earlier initiation of benznidazole treatment led to lower myosin-specific DTH than did later benznidazole treatment. However, to our surprise, we found that myosin-specific DTH was eliminated in infected/treated mice (Fig. 3) . In other words, myosin-specific DTH levels in mice treated within the first week of infection were not significantly different from those in saline controls. At 60 d.p.i., myosin-specific antibodies were present at low levels, which did not differ significantly with the timing of (Fig. 3) . Interestingly, earlier initiation of benznidazole treatment also led to lower levels of T. cruzi-specific DTH than did later initiation. T. cruzi-specific antibody levels were high and did not differ among the benznidazole-treated groups. At 60 d.p.i., both cardiac inflammation and tissue parasitosis were eliminated in all infected, treated animals (data not shown). We also observed T. cruzi-specific DTH in myosin-immunized mice, in agreement with previous findings (30) . Similar to our findings at 60 d.p.i, we found that myosinspecific DTH was absent at 90 d.p.i. in mice that had been treated within the first 2 weeks of infection (Fig. 4) . Myosinspecific antibody levels were also low and were absent in some animals in which treatment was begun early (days 7 and 14) (Fig. 4B) . We also observed that T. cruzi-specific DTH levels were lower than those seen at 21 d.p.i., although T. cruzispecific antibody levels were high and did not differ among treatment groups. At 90 d.p.i., cardiac inflammation and parasitosis were absent from all infected, treated animals (data not shown). In contrast to what was observed at 60 d.p.i., T. cruzispecific DTH was eliminated in myosin-immunized mice at 90 d.p.i.
Secondary T. cruzi infection or myosin immunization induces cardiac autoimmunity and myocarditis in benznidazoletreated mice. Finally, we investigated the ability of a secondary T. cruzi infection or a noninfectious cardiac insult to initiate a cardiac autoimmune response and/or myocarditis in animals that had been treated with benznidazole and that no longer exhibited myosin-specific DTH. Since we observed the complete disappearance of inflammation, parasitosis, and myosin-specific DTH in T. cruzi-infected mice that had received long-term treatment with benznidazole, we began with these animals for the experiment. After continuous daily treatment of infected mice from 14 d.p.i. to 90 d.p.i., we terminated drug treatment and reinfected mice with a virulent, heart-derived substrain of the T. cruzi Brazil strain, immunized mice with cardiac myosin, or injected mice with saline. As an additional control, we also infected naïve mice that had received benznidazole for 90 days. Twenty-five days later (115 d.p.i.), we found that reinfection or myosin im- munization of these mice resulted in the restoration of both cellular and humoral cardiac autoimmunity and mild myocarditis ( Fig. 5 and 6 ). The magnitude of autoimmunity and the severity of myocarditis in reinfected animals were not as great as those seen in animals infected for the first time (Fig.  2) . Despite the absence of parasitosis observed after reinfection, parasite-specific DTH and antibody levels were induced to high levels (Fig. 5) . Interestingly, in a separate experiment, treated mice reinfected with the original T. cruzi Brazil strain displayed no signs of myocarditis and maintained the absence of myosin-specific DTH (data not shown). 
DISCUSSION
Autoimmunity develops in some humans and experimental animals as a result of T. cruzi infection. However, the role of autoimmunity in disease pathogenesis and the mechanism(s) by which it is induced remain obscure. In this study, we addressed the importance of live T. cruzi-induced damage to the induction and persistence of cardiac autoimmunity by reducing the number of parasites in infected animals with the trypanocidal drug benznidazole. Infection of A/J mice with the Brazil strain of T. cruzi typically leads to the development of severe inflammation and parasitosis in the heart along with strong cardiac myosin-specific cellular and humoral immunity at 21 d.p.i. and mortality by 30 d.p.i. The early administration of benznidazole decreased the severity of myocarditis, eliminated mortality in infected animals, and permitted us to conduct long-term experiments (60 and 90 d.p.i.). Unfortunately, the early mortality associated with our disease model prevented us from analyzing infected, untreated controls for the duration of the experiment (specifically at 60 or 90 d.p.i.). However, because autoimmunity persists throughout the course of longterm infection when other strains of parasite and mouse are employed (16, 20, 48, 51) , it is highly unlikely that autoimmunity in A/J mice infected with the Brazil strain would spontaneously resolve within several months of infection. Further, our finding that autoimmunity can be "restored" by infection or immunization of treated and cured mice at 90 d.p.i. shows that these animals retain their autoimmune potential upon treatment. Finally, it should be noted that autoimmunity persists in some humans with chronic T. cruzi infection (1, 9, 56, 64) .
Depending on the time of drug treatment initiation, myosinspecific immunity, measured by DTH and antibody production, was significantly reduced or eliminated in both acute (21 d.p.i.) and chronic (60 and 90 d.p.i.) phases of experimental CHD. The elimination of both cardiac parasitosis and parasitemia (data not shown) illustrated the effective reduction of the parasite in all drug-treated, infected animals. Additionally, strong myosin-specific immune responses observed in myosin-immunized animals treated with drug clearly showed that benznidazole has no inherent impact on the development of autoimmunity.
The mechanism of bystander activation posits that viable parasites destroy heart tissue, causing the release of host antigens (54) and subsequent stimulation of autoreactive cells. Bystander activation has also been invoked to explain the presence of myosin-specific T cells in patients after myocardial infarction (43) . In other words, any cause of cardiac myocyte damage, including parasite-induced cytolysis, can cause bystander autoimmunity. Molecular mimicry, on the other hand, states that an infectious agent (parasite, bacterium, or virus) possesses epitopes that are immunologically similar to host determinants, and due to minor antigenic differences between the two, the pathogen epitope is able to induce an immune response that breaks tolerance to the host peptide (46) . This mechanism has been attributed to a variety of cases of infection-induced autoimmunity, including streptococcus-induced myocarditis (11, 12) and even T. cruzi-induced Chagas' disease (9, 23) . We found that the reduction of infectious parasites drastically lessens or eliminates myosin-specific immunity, lending strong support to the bystander activation mechanism. However, benznidazole treatment also caused significant reductions in T. cruzi-specific antibody titers (Fig. 2B) as well as parasitespecific DTH (Fig. 3A) . Furthermore, the myosin-immunized animals displayed significant parasite-specific immunity (Fig.  3) , consistent with previous results (34) showing cross-reactive immune responses. These results suggest the possibility that reduction of parasite load can eliminate cardiac autoimmunity (i) by attenuating the extent of cardiomyocyte damage and (ii) by lowering the number of pathogenic mimic epitopes (T. cruzi antigens) to which cross-reactive T cells can respond. The development of strong myosin-specific immunity and the absence of detectable cardiac damage observed upon immunization with T. cruzi protein extract (30) suggest that molecular mimicry is a likely mechanism of autoimmunity during infection, although bystander activation may be required for the development of myocarditis. Considered together with previous findings, the results of the current study pointing to bystander activation as vital to autoimmunity in CHD led us to hypothesize that viable parasites together with parasite-specific immunity cooperatively contribute to the onset and maintenance of cardiac autoimmunity.
We observed that levels of both T. cruzi and myosin-specific antibody were higher the later benznidazole treatment was (Fig. 2) . One hypothesis to explain this result is that the levels of antigen-specific antibodies may be associated with the severity of myocarditis and the level of T. cruzi. These, in turn, are related to the day of benznidazole treatment initiation. This hypothesis may also explain why myosin-specific DTH levels increase the later the day of initial benznidazole treatment. However, it does not explain how T. cruzi-specific DTH is high regardless of when benznidazole was administered (Fig. 2) . The maintenance of this parasite-specific immunity along with low, residual levels of autoreactivity could account for the mild inflammation observed in all drug-treated animals in the acute phase of disease (Fig. 2C) . The negligible parasitosis observed in the treated animals at this stage also suggests a potential role for minor parasite-mediated damage, resulting in mild inflammation. Treatment of infected mice with benznidazole resulted in the elimination of myosin-specific DTH and a decrease in T. cruzi-specific DTH by 60 and 90 d.p.i. (Fig. 3 and 4) . The decrease in antigen-specific DTH, months after removal of the antigenic stimulus, may suggest that levels of antigen-specific memory T cells decrease over time, especially in the absence of continuous antigen stimulation, but this remains to be investigated. This theory is controversial; some contend that antigen persistence is not required for the maintenance of long-lived memory (44) , while others have found that antigen persistence is linked to the persistence of T-cell memory in cases of Plasmodium exposure (2, 71) and coronavirus-induced encephalitis (6) . This hypothesis may also explain why T. cruzi-specific DTH levels are eliminated in myosin-immunized mice over time ( Fig. 3 and 4) . We also observed a decrease in myosin-specific antibodies in treated mice over time, which may support the hypothesis of a decrease in the autoimmune memory response over time. We did not observe a similar decrease in T. cruzispecific antibody levels over time. The high levels of T. cruzi antibodies, seemingly unaffected by benznidazole initiation, may be explained by (i) the insensitivity of our IgG assay in detecting differences in T. cruzi-specific IgG at high titers, (ii) the persistence of T. cruzi-specific memory B cells (3), or (iii) the long half-life of T. cruzi-specific IgG (62) .
The elimination of cardiac autoimmunity observed in the late stage of disease prompted us to investigate whether this reestablishment of self-tolerance could be maintained in the presence of a secondary infection or general cardiac-specific insult. One potential mechanism to explain the elimination of autoimmunity in treated mice is that the reduction of parasites caused a reduction of parasite-associated damage and concomitant immune exposure to myosin. The absence of immune exposure to myosin and the return to a state of normalcy, free from infection-induced inflammatory conditions, cause the dampening of the self-directed immune response, resulting in the restoration of myosin tolerance. If this is the case, secondary infection or cardiac insult resulting in the presentation of cardiac myosin to autoreactive T cells should not elicit an autoimmune response. Reinfection with a virulent, cardiotropic parasite strain caused the reappearance of myosin-specific autoimmunity and mild myocarditis. This suggests that, while a large number of myosin-specific T cells may become unresponsive after the eradication of infection, a strong enough secondary stimulus is sufficient to reactivate this population. Histologic analysis of the cardiac tissue also revealed reduced parasitosis in the hearts of mice reinfected with the hypervirulent strain compared to that seen either in the acute phase of disease or in those mice infected primarily. This suggests that the reactivation of the autoreactive cells, together with elevated parasite-specific immunity, is largely responsible for the mild, chronic inflammation. While not completely protected from T. cruzi, these "immunized" mice may have an enhanced ability to clear the parasite. In fact, reinfection with the original Brazil strain did not induce myosin-specific DTH (data not shown). This may be due to the strong anti-T. cruzi Brazil strain immunity (high specific DTH and antibody levels), which protected these animals (no parasitosis, parasitemia, or myocarditis). The absence of myocarditis after reinfection with the original Brazil strain could mean no damage, no presentation of myosin, no myosin autoimmunity, and therefore no myosinspecific DTH. From the perspective of treating human infections in which individuals can be infected or reinfected with various parasitic strains at any time, these results suggest that elimination of the parasite may be the best option to eliminate autoimmunity and maintain self-tolerance. Of course, these results also suggest that an effective T. cruzi vaccine must prevent T. cruzi-associated damage due to exposure to highly virulent strains, which may involve autoimmunity.
The overall importance of this last suggestion is debatable since it is not at all clear whether autoimmunity associated with T. cruzi infection in humans is pathogenic. The controversy surrounding autoimmunity as a major mechanism of pathogenesis in Chagas' disease is currently under investigation by a number of laboratories. This study establishes a direct association between the parasite load and the magnitude of cardiac autoimmunity in experimental T. cruzi infection. This line of experimentation encourages the future exploration of T. cruzi infection-induced autoimmunity and the relationship of inflammation and damage to autoimmunity in all autoimmune diseases. Areas of current study include the mechanism by which autoimmunity resolves upon drug treatment and the functional immunology of parasite-specific and myosin-specific lymphocytes in this powerful model of infection-induced myocarditis. Finally, because treatment with the trypanocidal drug trifluralin (70) or TAK-187 also prevents cardiac damage in an experimental model of Chagas' disease (7), it will be interesting to know whether autoimmunity is reduced in these animals as well.
